AD=A09% 337

UNCLASSIFIED

ROCHESTER UNIV NY DEPT OF CHEMISTR F/6 /%
LASER=STIMULATED SURFACE PROCESSES AND HETEROSENEOUS CATALYSIS. ()
#VBBO J LIN NBOO!'&-BU-C-o:ZZ




[P

T S

~v

-
e T o

sl e

L ]
Dy 2 ST S

\

e
(op
(A
<
o
S
T
=)

BDC FiLE copy

- OLEVEV

OFFICE OF NAVAL RESEARCH
Al
Contraoi Mﬂpu-sﬂ-c—ﬂn_z '{

Task No. NR 056-749

TECHNICAL REPORT NO. 8 L

b

!

i Laser-Stimulated Surface Procesées )

' and Heterogeneous Cataly51s,

by \_
fv’f] Jul-tenz/Lln J
Submitted in Partial Fulfillment

of the

Requirements for the Degree

Doctor of Philosophy [:) l l<

University of Rochester
Department of Chemistry
Rochester, New York 14627

C e ELECTE
- e val ChHo B4
e e > ' S JAN3 0 1981 |

e

! {\;Novenberv'"i:SS o /

Reproduction in whole or in part is permitted for
any purpose of the United States Government

This document has been approved for public release
and sale; its distribution is unlimited

81 1 30 007,




Unclassified
SECURITY CLASSIFICATION OF THIS PAGE (When Dats Entered)
READ INSTRUCT
REPORT DOCUMENTATION PAGE pEr AP INSTRUCTIONS
1. REPORT NUMBER Y 2. /“w ACCESSION NOJ 3. RECIPIENT'S CATALOG NUMSER
8 l SD-Hr94337
4. TITLE (and Subtitle) 5. TYPE OF REPOAT & PERIOD COVERED

, LASER-STIMULATED SURFACE PROCESSES AND im Technical Report
', HETEROGENEOUS CATALYSIS Inter o {

6. PERFORMING ORG. REPORT NUMBER

; 7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(s) H
| Jui-teng Lin N00014-80-C-0472 V/
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::ggn:g}'fxzssrj&zo.JWAm 1
; University of Rochester
o Department of ChemistryY R 056-749
| Rochester, New York 14627 N
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Office of Naval Research November 1980
Chemistry Program Code 472 T3 NUWBER OF PAGES
Arlington, Virginia 22217 - 61

T4. MONITORING AGENCY NAME & ADDRESS(If differsnt from Controliling Office) 15. SECURITY CLASS. (of thia report) ,i

_ Unclassified i
‘ [15a. DECL ASSIFICATION/ DOWNGRAOING
‘ SCHEDULE

. 16. DISTRIBUTION STATEMENT (of this Report)

. This document has been approved for public release and sale;
( its distribution is unlimited.

17. DISTRIBUTION ST. AENT (of 1 » sbetract entered in Block 20, I diiferent from Report)

s

18. SUPPLEMENTARY TES
Submitted to the University of Rochester in partial fulfillment

of the requirements for the Degree Doctor of Philosophy (1980) ;
supervised by Thomas F. George.

v

-—
W s - e et i w

19. KEY WORDS (Continue on reverse side if y and identify by block ber)
SURFACE PROCESSES THEORETICAL MODELS \
LASER-STIMULATED QUANTUM MECHANICAL -
HETEROGENEOUS CATALYSIS CLASSICAL i

o T [l

é‘ MULTIPHOTON-MULTIPHONON EFFECTS ;
* A”I:kgafé"t"féa "gréil"');"of la'sg‘;:'-st'i;ﬁ\;f:ted surface processes (LSSP), ,
otivated by potentialities in the areas of chemical industrial, !
aterial science and academic research, is presented. The possi- |
ility of the new phenomena of laser-controlled surface processes !
(migration, recombination, desorption and heterogeneous rate pro-_, .
esses) is demonstrated within the framework of model systems,’ ﬁhﬁ/
urpose of this work is twofold: L&ﬁﬁéreate a theoretical founda-

ion for an understanding of the quantitative and semi-quantitatingz

|

e Nl s

DD o 1473 Unclassified e

—r
SECURITY CLASSIFICATION OF THIS PAGE (When Date &\t.ro‘




a4 -

L adla

LR NN

g

Unclassified
SECURITY CLASSIFICATION OF THIS PAGE(When Dats Entered)

20. aspects of LSSP, and provide possible mechanisms and suggesq
relevant measurements of LSSP with applications to laser-cat-
alyzed rate processes. )

To help lay the foundation for studies of LSSP, simple clas-
Sical models are first presented for the multiphoton absorp-
tion (MPA) processes of a homogeneous system (e.g., SF6). It
is shown that the excitation and relaxation dynamical nature
of MPA may be characterized by the calculated absorption cross
section (or line shape), which is governed by the memory ef-
fects of the bath-induced energy (Tl) and phase (T2) relaxa-

\ tion and the nonlinearity due to the anharmonicity.

> For a heterogeneous system of LSSP, the major features and
the dynamical behavior are studied by both classical and
quantum models, where each model provides one or some mechan-
ism of the processes. They include: 4] microscopic model
Hamiltonians (in the Heisenberg-Markovian picture) of multi-
photon-multiphonon processes; {ii) quantum dynamical model
(in the Schrodinger picture) of the selective vs nonselective
nature of LSSP; (iii) Pauli master equations in photon-energy
space for the energy distributions and associated desorption
pProbabilities of the adspecies,{both the thermal Boltzmann and
the nonthermal Poisson-type distribution are presented) ™ (iv)
phenomenological classical models for the average power ab-
sorption of the system, where the many-body effects of the
surface atoms are replaced by the damping factor and the fre-
quency~-shift; (v) the generalized Langevin theory for the’
dynamical behavior of LSSP. by including the memory effects
of the damping and deph ng kernel and the interaction be-
tween the active modes;“(viy™coupled Newton's equations of
a model CO/Ni adspecies/surface system for the numerical simu-
lation of the atom amplitudes and the energies stored in the
bonds; and (vii) semiclassical model for the laser-selective
nature via the multiphonon coupling strength and the<"internall
resonant” condition. S

The possibility of controlling surface phenomena and
heterogeneous catalysis by means of laser radiation is finally
presented in the framework of the theoretical modellings.
Greater details of the theoretical works and some suggested
experimental measurements of LSSP are included in the Appen-

dices.
1 }'\(‘—l_‘"i"' {{‘11— T‘;; B
i 1 ‘__f—
] Ij
' (]
0 B
s = _A__I
'I
Rt N |
w1/
ity Codes
il oavdfer
=Hureas ———rt
J
| : ; Unclassified
! ? SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)
! [
- o e -J .‘“

o, i A, Ay | e S e vt S+ m, S, W . — =

- —— e 4 m

s e e e =




PEGUES——————EY

LASER-STIMULATED SURFACE PROCESSES
AND HETEROGENEOUS CATALYSIS

by

Jui-teng Lin -

Submitted in Partial ?ulfillment
of the
Requirements for the Degree

Doctor of Philosophy

Supervised by Professor Thomas F. George

Department of Chemistry

University of Rochester

Rochester, New York

1980




In memony of my mother 7x and fathen &nlu

¥

AT N




VITAE

The author was born on May 5, 1948, in Taiwan, Republic
df China. He received his B.S. Degree in Physics from
National Taiwan Normal University in 1971. After one year's
teaching in Puli High School (1971-72), he attended the
Institute of Physics, Tsin Hua University (Taiwan) and received
his Master Degree in Solid State Physics in 1974. Then he
served in the Chinese Army Signal School as an instructor from
May, 1974 to May, 1976.

He entered the University of Rochester in September, 1976
and received his M.A. Degree in Physics in May, 1978. In the
summer of 1978, he joined the theoretical chemical physics
group directed by Prof. Thomas F. George, as a graduate student,
in the Department of Cﬂﬁmistry. During his four years' study
in Rochester (1976-80), he was offered a Fellowship by the
Laboratory for Laser Energetics (LLE) and several Teaching

Assistantshipi by the Department of Physics and Chemistry. 1In
the summers of 1977 and 1978, he was supported by Research
Assistantships offered by Profs. R. S. Knox and R. D. Parks
for theoretical and experimental studies of condensed matter,
respectively.

Professor Thomas F. George has been his supervisor.

iii




e

- X -

T —

,""f,

I gk

10.

PUBLICATIONS

J. Lin, A ClLassical Model for Stochastic Multiphoton
Absorption Processes of Anharmonic Molecules, Phys.
Lett. A70, 195 (1979).

J. Lin and T. P. George, Generalized Langevin Theory
of Multiphoton Absorption Dynamics of Polyatomic Mole-
cules and the Natune of Laser-Selective Effects, Phys.
Lett. A, (1980), in press.

J. Lin and T. P. George, Kinetic Modelf of Laser-Con-
Irolled Heterogeneous Processes, Chem. Phys. Lett.
66, 5 (1979).

J. Lin and T. P. George, Kinetic Model of Lasen-Stimu-
Lated Desorption and Surface Processes, J. Opt. Soc.
Am. 69, 1472 (1979).

T. F, George, I. B. Zimmerman, P. L. DeVries, J. M. Yuan,
K. S. Lam, J. C. Bellum, H. W. Lee, M. S. Slutsky and

J. Lin, Theory of Molecular Rate Processes in the Pre-
dence of Intense Laser Radiation in Chemical and Bio-
chemical Applications of Lasers, Vol. IV, ed. by

C. B. Moore (Academic Press, New York, 1979), pp. 253-

354.

T. F. George, J. Lin, K. S. Lam and C. Chang, Theory
0f the Interation of Laser Radiation with Mofeculan
Dynamical Processes Occurring at a Solid Surface, Opt.
Eng. 19, 100 (1980).

J. Lin and T. F. George, Quantum-Stochastic Approach
to Laser-Stimulated Desorption Dynamicsd and Population
Distributions of Chemisonbed Species on Sokid Surfaces,
J. Chem. Phys. 72, 2554 (1980).

J. Lin and T. F. George, Dynamical Model of Selective
vs Nonselective Laser-Stimulated Surface Processes,
Surface Sci. 100, 381 (1980).

J. Lin and T. P. George, Dynamical Modef of Selective
vs Nonselective Lasen-Stimulated Sunface Processes. II.
Analytical Methods and Applications o Surface Rate
Processes, J. Phys. Chem. 84. 2957 (1980).

J. Lin, A. C. Beri, M. Hutchinson, W. C. Murphy and

T. F. George, Multiphoton-Multiphonon Theory of Lasenr-
Stimulated Surface Processes, Phys. Lett.A79, 233 (1980).|

iv

- PR — R, ﬂ




! 1l1. J. Lin and T. F. George, CLassical Model of Laser-
Stimulated Surface Processes: Enengy Absorption

| Pnoﬂ.czu via the Langevin Equation, Phys. Rev. B,

' (1981), in press. |

12. J. Lin and T. F. George, Stochastic Model of Laser-
Stimulated Sunface Processes: Genernalized Langevin
' Theory and the Selective Natuae 0§ Multiphonon Processesd,
- Chemn. Phys.,subm:.tteq

e

R A AP




———

———

-
S, o St e s

.
*-

i,

ACKNOWLEDGMENTS

I owe a great deal to Professor Thomas F. George, who
has been my research advisor during the past two years. He
introduced me to the novel field of laser-stimulated surface
processes (LSSP) at the initial stages of my research. With
patience, he guided my research via some hundred hours' dis-
cussions in our group meétingé. With a deep insight énd broad
spectrum in chemical physics, he stimulated my research by
constant providing me the information of current progress
related to my work. Indeed, I have learned much from my
advisor not only in science. Throuchout this work, he recog-
nized my strength[and potentials beyond my.weaknesses and
limitations. I honor him, in the traditional Chinese way, as
my teacher (BH).

I am thankful to people in the theoretical chemical

physical group (directed by Prof. George): Drs. A. Beri,
D. Bhattacharyya, C. H. Chang, P. DeVries, M. Hutchinson,
K. S. Lam, H. W. Lee, S. Lee, W. C. Murphy, M. S. Slutsky,
J. M. Yuan and I. H. Zimmerman.
I have greatly benefited from numerousAe#haustive and nec-
essary critical comments on many aspects of this work and
the published papers. Without the stimulating discussions
in our group meetings, it would have been difficult for me
to arrive at a coherent view of LSSP. I also wish to ac-

knowledge Mrs. Lee Edwards, who typed most of the manuscripts

vi




of the papers and has been very kind to solve the "department

problems®” of the graduate students.
My interest in the multiphoton processes was triggered

by people in the Laboratory for Laser Energetic$ (LLE) of
Rochester. I appreciate the enlightening discussions with Prof.

Y. Ben-Aryeh and| Drs. D. O. Ham, M. Rothschild and W. S. Tsay.
I am also grateful to Dr. J. C. Tully of Bell Labs for helpful
discussion about multiphonon processes and introducing the
concept of the "energy-gap law". My appreciation of the re-
laxation dynamics of stochastic processes and the generalized
master equation of random walk problems has been catalyzed by
Profs. E. W. Montroll and M. G. Sceats and Drs. Y. M. Wong and
J. J. Yeh.

The communications with Prof. J. C. M. Li and Drs.

S. N. G. Chu and Inan Chen enhancing the possible application
of LSSP to material science and Xerox processes are acknowledged.
Lectures given by Profs. C. R. Stroud, L. Mandel and C. Gabel ‘
helped|provide a fundamental basis of quantum optics and 2
experimentally related laser systems, and Profs. J. Muenter i
and M. G. Sceats in physical and quantum chemistry have been
very helpful in this research work. Prof. J. H. Eberly and
Dr. J. J. Yeh provided many useful laser-related papers. The
Medical Center Computing Faculty and the NCAR plotting pro-
grams are also appreciated.

Indirect interactions with these persons who provided

preprinted (printew; papers were very valuable:

vii,




Profs. S. Adelman (Purdue), H. Metiu (U. C. Santa Barbara)
W. H. Weinberg (Cal. Tech.), W. H. Miller (U. C. Berkeley),.
M. F. Goodman (USC), R. J. Silbey (M.I.T.) ,NBloembergen
(Harvard), S. Mukamel (Tel-Aviv), J. E. Adams (Los Alamos),
2. Gan and X. Huang (Beijing) and R. V. Khokhlov (Moscow) .

Summer research in solid state physics supported by
Profs. R. S. RKnox and R. D. Parks is acknowledged. Thanks are
due to many persons in Taiwan, who introduced me to thé h
beauty of physical science; in particular, I would like to
mention Profs. C. T. Cheng, S. S. Wang, and S. Shu (Taiwan
Normal University), and S. S. Wong and M. T. Chiang (Tsin
Hua Institute of Physics).

Finally, I would like to thank my dear wife, Jeanette(Z &),
for her understanding and encouragement, particularly, when
our son, Alexander (3% 2f), joined us. Without her complete
support of the family, this work would not have been
successfully completed. Years ago, being my fiancée, she
typed my Master's thesis. Now, she is the very one who has
typed my Ph.D. thesis for me.

This research work has been partially supported by the
Air Force Office of Science (AFSC), the National Science

Foundation (NSF), and the Office of Naval Research (ONR).

[eC




ABSTRACT

A theoretical study of laser-stimulated surface processes
(LSSP), motivated by potentialities in the areas of chemical
technology, materials science and academic research, is
presented. The possibility of the new phenomena of laser-
controlled surface processes (migration, recombination,
desorption and heterogeneous rate processes) is demonstrated

within the framework of model systems. The purpose of this

work is twofold: (1) To create a theoretical foundation for

an understanding of the quantitative and semi-quantitative
aspects of LSSP, and (2) To provide possible mechanisms and
suggest relevant measurements of LSSP with applications to
laser-activated rate processes.

To help lay the foundation for studies of LSSP, simple
classical models are first presented for the multiphoton
absorption (MPA) processes of a homogeneous system (e.g., SFG)'
It is shown that the excitation and relaxation dynamical
nature of MPA may be characterized by the calculated absorption
cross section (or line shape), which is governed by the
memory effects of the bath-~induced energy (Tl) and phase (Tz)

relaxation and the nonlinearity due to the anharmonicity.




For a heterogeneous system of LSSP, the major features

and the dynamical behavior are studied by both classical and
quantum models, where each model provides some mechanism

foﬂthe processes. They include: (i) microscopic model Hamil-
tonians (in the Heisenberg-Markovian picture) of multiphoton-
multiphonon processes; (ii) quantum dynamical model (in the
Schrodinger picture) for the selective vs nonselective nature
of LSSP; (iii) Pauli master equations in photon-energy'space
for the energy distributions and associated desorption pro-
babilities of the adspecies(both the thermal Boltzmann and
éhe nonthermal Poisson-type distribution are presented);
(iv) phenomenological classical models for the average power
absorption of the system, where the many-body éffects of the
surface atoms are replaced by the damping factor and the
frequency-shift; (v) the generalized Langeﬁin theory for the
dynamical behavior of LSSP by including the memory effects
of the damping and dephasing kernel and the interaction be~-
tween the active modes; (vi) coupled Newton's egquations of
a model CO/Ni adspecies/surface system for the numerical
simulation of the atom amplitudes and the energies stored
in the bonds; and (vii) semiclassical model for the laser-
selective nature via the multiphonon coupling strength and
the "internal resonant"” condition.

The possibility of controlling surface phenomena and

heterogeneous catalysis by means of laser radiation is

v




finally presented in the framework of the theoretical model-

lings. The greater details of the theoretical works and some

suggested experimental measurements of LSSP are included in

the Appendices.
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CHAPTER I

INTRODUCTION

1.1 General Introduction

The phenomena of the laser (light amplification by
stimulated emission of rédiation), discovered in the
early 1960's, has become one of the most exciting develop-
ments in science. The laser, providing a source of intense,
coherent and monochromatic radiation, has already{had a
remarkable effect on research in many areas of physical,
chemical and biological sciences. In recent years, a
considerable amount of research activity has been directed
toward understanding the phenomena of the interactions of
photons with matter ( in the gas phase, condensed phase
and gas/surface mixed phase) both experimentally and
theoretj.ca.lly.l-16

In the general area of laser chemistry and quantum
electronics, multiphoton ionization (MPI) of atoms and
multiphoton dissociation (MPD) of molecules represent some
of the most+ timely and exciting phenomena.15 One of the
most widely studied subjects is the infrared MPD of SF¢.,
which was among the first molecules to be dissociated by
a high-power Co2 laser. Certain aspects of MPD, such as

frequency response, isotope separation factors and laser




coherence effects, have been investigated and provide
descriptions of the excitation mechanism, e.g., the intensity
and energy fluence dependent excitations in different stages
of the excited molecule, the possible role of energy locali-
zation in selective bonds and the dissociation dynamics.13'14
Multiphoton absorption processes of homogeneous (gas-phasg).
systems have stimulated great interest in many different
areas because of promising applications such as isotope
separation, laser-induced chemical decomposition, laser-
enhanced reaction rates, gas purification and development
of chemical lasers.

While the interaction of lasers with matter in the gas
phase has been extensively studied, the influence lasers on
heterogeneous gas/surface systems, which is the essential
ingredient of catalysis, has only recently been studied.s-lz'ls'16
The studies of this novel field of laser-stimulated surface
processes (LSSP) have been motivated by its potential importance
not only in the area of academic research but also in.chemical
technology (e.g., laser-induced chemical vapor deposition,
laser-enhanced heterogeneous catalysis and laser-assisted
fabrication of very-large scale integrated circuits), materials
science (e.g., laser annealing and laser micromachining)17 and
medical science (e.g., laser prevention of dental caries).18
Recent experimental evidence has shown that the effects of

laser radiation on surface rate processes can be nonthermal in

nature, involving the laser radiation and the catalyst surface
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in a resonant, synergistic process.16 The interaction of a
laser with a heterogeneous (gas/surface) system is characterized
not only by the frequency, intensity and coherent feature of
the laser field but also by the structure of the surface, the
adsorption state and the dynamical behavior of the excited
species on the surface (migration, diffusion and desorption).
Depending on the frequencies of the laser radiation (OV, visible
or IR), the heterogeneous system may be electronically,
rotationally and/or vibrational excited with the consequent
processes of ionization, migration, dissociation or desorption.
When the photon energy is absorbed by the optically active
mode(s) of the system with subsequence relaxation to the bath
modes, the intramolecular and intermolecular couplings play
an essential role in the pattern of the photon energy distri-
bution, i.e., the selective versus nonselective nature of LSSP.s'9
In probing surface phenomena, many new methods have been
used recently, e.9., LEED (low-energy electron diffraction),
SEXAFS (surface-extended X-ray absorption fine structure),
ARPES (angular-resolved photoelectron spectroscopy)., SERS
(surface-enhanced Raman spectroscopy) and LSSP (laser-stimulated
surface processes). These methods provide one or several
components of the information about the following features:
the rec.onstruction of the surface, the spacing of the surface
layer, the positions and masses of the surface atoms, the
bond length and orientation of the adspecies and the catalytic

mechanism of the surface.19 We note that the method of LSSP,

- v .
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while providing the heterogeneity feature of the gas/surface

system, is particularly powerful in the study of the dynamical

behavior of surface processes (diffusion, migration, desorption,
decomposition and recombination rate processes).3 Therefore,

a full understanding of LSSP involves inter-disciplinery
research in the fields of physics, chemistry, solid-state
science and optics. Motivated by the academic and industrial
potential of LSSP, this thesis work will provide a theoretical

| foundation for an understanding of the quantitative and semi-
quantitative aspects of this novel area as well as proposed
possible mechanisms to interpret the experimental evidence.

The thesis is outlined as follows.

In Chapter I, which serves as the introduction to ' ;
this thesis, the current understanding and the fundamental
mechanism of MPA and LSSP are presented by posing the related

; questions which essentially characterize the dynamical nature
of the interaction of laser photons wiﬁh matter.; While the
main focus of this thesis is on LSSP in heterogeneous systems,
the methodology of MPA for a homogeneous system (e.g., SFS)

is discussed first, since the techniques developed for MPA

‘ help form a basis for studies of LSSP. The methodology of

' LSSP, including classical and quantum models, microscopic

3 and phenomenological methods, numerical and analytical ap- : ’
! ' proaches, is presented systematically with the intercorrelation
‘ between them. ) . l
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The details of the accomplished research begin with
Chapter II. Some major features of MPA are studied by means
of calculated absorption cross sections, which

reflect]not only the internal level structure of a system but

also the dynamical behavior of the various processes. A
simple anharmonic model and a generalized Langevin theo;y,
with the memory effects of the damping and dephasing kernel
and the nature of the laser-selective effects, are presented.

In Chapter III, the important results of LSSP and the

possibility of laser-controlled surface phenomena and heter-
ogeneous catalysis are discussed. The model systems charac-
terizing various processes of LSSP are described by: (i)
microscopic model Hamiltonians #1 and 22 for multiphoton-
multiphonon processes and laser-stimulated surface migration,
respectively; (ii) quantum dynamical model (in the Schrddinger
picture) for the selective vs nonselective nature of LSSP;
(iii) Pauli master equation in photon-energy space for the
energy populations and desorption probabilities; (iv) pheno-
menological models (classical anharmonic model and the gener-
alized Langevin stochastic model) for the temperature-dependent
power absorption and the dynamical behavior of LSSP; and (v)
numerical simulation of coupled Newton's equations for

the amplitudes and the energies stored in different bonds of a
five-atom linear chain representing the CO/Ni adspecies/
surface system. More extensive details of this work are con-
tained in the Appendices (which are Publications #1-12 listed

on pages iv and v).
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1.2 Fundamental Mechanism of MPA

The well-accepted feature of multiphoton absorption (MPA)
and dissociation (MPD) are viewed in terms of three different
energy regions (see Fig.l): I. low-vibrational energy region
where the molecular levels are sparse, and the excitatidn in-

volves near-resonant absorption of several IR photons described

by the coherent Bloch equation model;20 II. higher-vibra-

tional energy region where the high density of states forms
a quasicontinuum; and III. the reaction region where the
molecules acquire enough energy to dissociate. In regions
II and III, the excitation processes are incoherent with all
phase memory lost, and rate equation models are found to fit
much of the experimental data.21

The dynamical features of MPA governed by the following
fundamental mechanisms have been studied in this thesis:

1) How is the absorption cross section of the system
affected by the transition nature of MPA (i.e., from coherent
to incoherent excitation)?

2) How can a general line shape function reflect the
absorption dynamics and the internal level structure of MPA
via the memory effects of the damping and dephasing kernel |
and the rate of intramolecular vibrational relaxation (IVR)?

3) How does the IVR rate play an important role in
selective bond breaking, and what is the requirement for a

slow IVR rate via multiquantum exchange processes?




Figure 1.

Schematic representation of the discrete, quasi-
continuous and dissociation regions of the energy

level diagrams of a polyatomic molecule.
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In this thesis, three models are presented to describe

the above features of MPA: (1) classical anharmonic model
with a stochastic driving field; (2) generalized Langevin
dynamical model with memory effects; and (3) quantum model

governed by the multiquantum coupling strength and the

"internal resonant" condition.




1.3 Fundamental Mechanism of LSSP and Heterogeneous Catalysis

Some potential areas of the applications of LSSP are:s’7

1) Enhancement of surface diffusion-limited reactions.
2) Enhancement of the mobilities of selective species
in a multicomponent environment.

3) Control of the surface concentration of the reagents

of rate processes via selective desorption or excitation-induced

migration of the adspecies.

4) Study of decomposition and recombination rate processes

on a solid surface.|

5) Study of catalytic properties and heterogeneity fea-
tures of the adsorbent surféce via the composition and loca-
tion of the active centers.

6) Study of the resolution, pufification and growth rate
of a deposited film via the laser-assisted chemical vapor de-
position - (CVD) . '

The above laser-stimulated surface phenomena (migration,
desorption, recombin::ion, deposition and rate processes)
center on the fundamental mechanisms of: how the radiative
pumped mode(s) of the system absorbs energy from the laser
field and relaxes to its envi-onment, how the laser radiation
affects the dynamical behavior of the adspecies, and what is
the deposition pattern of the photon energy absorbed by the
heterogeneous system. The main stages of heterogeneous cata-

lysis, by current understanding, involve:22 (1) adsorption

RS
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of the adspecies, (2) formation of the unstable complexes on
the catalytic surface, (3) dissociation (or decomposition) of
these complexes and (4) desorption of the reaction products.
[Some prototypes of surface-catalyzed rate processes are |
referred to in Ref.16.] l |
The effects of laser-radiation on the catalytic rate
processes depend not only upon the nature of the solid surface
(metal, insulator . or semiconductor), the heterogeneity of the
adsorbate (physisorption or chemisorption, dissociative or

3,22 and the electronic and vibrational structures

associative),
of the adspecies/surface system (or the density of states in
the frequency domain), but also upon the nature of the laser
field (intensity, frequency, polarization and the angle of

incidence of the field).7'8

Thus, a complete understanding
of LSSP and its application in heterogeneous catalysis,
governed by a series of physical and chemical processes, re-

quires a rigorous, quantitative description of the dynamics

involved.

The intention of the thesis work has not been to provide a
complete, quantitative theoretical basis for LSSP (a rather
formidable task!). Rather, it has been to create a theoreti-
cal foundation for an understanding of the qualitative and
semiquantitative &spects of this novel area of research. While
part of the motivation of this work has been to provide ini-
tial theoretical concepts to the experimentalists, some poss—

ible mechanisms have also been addressed to interpret the

PR . .




-11-

experimental evidence, showing that LSSP may be nonthermal
in nature and involve the laser radiation and the adspecies/
surface in a synergistic selective process.

Before presenting the theoretical techniques concerned
in this work, let us first pose some typical questions that
essentially characterize the major features and dynamical
nature of LSSP (see Fig.2):

1) How is the laser photon energy transferred to the
pumped (active) mode(s) of the adspecies with subsequent re-
laxation to the bath (inactive) modes?

2) How are the excitation and relaxation dynamics of
the adspecies/surface system characterized by the pumping rate,
the damping (Tl energy relaxation) kernel and the dephasing
(T2<phase relaxation) kernel?

3) How can a microscopic description of LSSP be semi-
guantitatively reduced to a macroscopic description which in
turn is tractable? What are the relevant ensemble-averaged
quantities of the system?

4) How is the photon energy distributed in the pumped
system, and is it thermally deposited in all the degrees of
freedom of the system?

5) How does the intramolecular vibrational relaxation
(IVR) rate play an essaential role in the dynamical nature of
L8SP (selective vs nonselective) via multiphonon processes?
What are the requirements for a slow IVR rate which makes

selective b:snd breaking possible?

el - ~ , -




Figure 2. Scheme showing the fundamental mechanism of LSSP.
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6) How might one control LSSP by means of selective
excitations, and how can the substrate be effectively involved
in a synergistic process for enhancing laser-assisted (or
stimulated) heterogeneous catalysis?

While the last question has been only qualitatively
studied due to its complexity in dynamics and the lack of
complete surface information of an actual system, the remain-
ing questions have been quantitatively or semiquantitatively
attacked in this work. We note that questions (1) and (2)
may be addressed by the absorption cross section (or the line
shape) of the system, and questions (3) and (4) involve the
many-body effects of the phonon modes and the related relative

time scales of the radiative and relaxation processes. A
24-30

flowchart of the methodology related to this work is
shown!| in Fig.3, and the results of LSSP and heterogeneous
catalysis based on these models (or approaches) are presented
in Chapter III. We should point out that while the compli-
catéd models (e.g., the microscopic model Hamiltonian) provide a
more rigorous quantitative description, the simple phenome-
nological models (e.g., the Langevin theory) give intuitive

results of LSSP which are useful and attractive due to their

simplicity.
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Pigure 3.

Flowchart of methodology of LSSP.
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CHAPTER 1II

STOCHASTIC CLASSICAL MODELS OF MPA
. AND LASER-SELECTIVE EFFECTS
To study the nonlinear absorption cross section of MPA
and its dynamical behavior, two phenomenological classical
models are presented: (1) classical anharmonic model and (2)
generalized Langevin dynamical model. Also, the laser-selec-
tive effects characterized by the mult.quantum exchange strengthi
and the "internal resonant" condition are discussed. Only

the "key" equations of the model systems and the major features
of the results shall be shown in this chapter, since extensive
details are available in the Appendices (in particular, Publi-
cations #1, 2 & 6 listed on page iv).

2.1 Classical Anharmonic Modell'6

Here the IR-active mode of the polyatomic molecules is

singled out and treated as an anharmonic oscillator governed

by the classical equation of motion _
o . 2’ 2 3 ;
Q + 2TQ + wy,. Q + aQ” + BQ” = £(t)/m, (2.1)

where Q is the normal coordinate of the active mode (with

reduced mass m), ' is the damping factor (due to Tl enerqgy

=15~
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relaxation), a and 8 are the small anharmonicities, and £(t)
is the driving force of the field.

Solving Eqg.(2.1) via the harmonic balance method, we obtain
the (time and ensemble) averaged power absorption; at near:

. . 1
resonance, in a simple form:

—  (3e) N
<P = ( fm) )[(A-Y‘K*Azg:*r(r‘ﬂ’)z:( 5 (2.2)

where g is the classical charge, E is the electric field of
tbe radiation, A= w~-w is the detuning, K* is the anharmonicity
and A is the steady-state amplitude of the oscillator, and ¥y
and T are the damping factor and the dephasing-induced line
broadening, respectively. We note that, in this simple model,
the phase of the field is assumed to fluctuate while the rela-
tive phase of the oscillator remains fixed. However, the
Lorentzian form in Eq.(2.2) will still be the same when a

' ) stochastically modulated frequency of the oscillator is intro-

duced.z'7

2.2 Generalized Langevin Theory?'zs

The dynamical behavior of MPA may be described by, instead
of Eq.(2.1), the generalized Langevin equation (GLE) with memory

effects: {
t

:a t . -
- Q¥ +5 AN Qerat’ + agff jM ) Quidt’ = [‘f‘d‘) "_')cg(b]/é“ . (2.3) ‘

0

= e

<,vv.ﬁu'

at
t . .
I . . N . i [ .
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A(t) and M(t) are the damping (Tl) kernel ahd the dephasing

(Tz) kernel, respectively:; Worg is the;effective frequency ofl
the active mode including anharmonicity and the bath-mode-
induced frequency shift; £(t) and fR(t) are the laser driving
force and the bath-induced random force , respectively.

By solving for the Laplace-Fourier transform of the velocity auto-
correlation function F(t)= <6(t)6(0)>, we are able to compute

the temperature-dependent absorption cross section

GT) = 4L (1- &%) (g, Fur)

Ctw (2.4)

Ll
Ftw]sse““’ﬂ:mdt , ATy, (2.5)
0
which is characterized by the Laplace~Fourier transform of
the autocorrelation function F[w]. For given forms of the
memory.functions A(t) and M(t), we may find the related
Laplace-Fourier transforms and thus the function Flw]. In
general, the cross section which reflects the general res-
ponse of the system is rather complicated (see Publication #2:
listed on page iv). For the simple limiting case of a
Markovian process where the damping kernel contains no memory
effects, the absorption cross section reduces to the funda-

mental Lorentzian form [Eq.(2.2)]4
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. 2,12
2.3 Laser-Selective Effects

The possibility of laser-selective chemistry was recently

studied by Thiele, Goodman and Stone.16

Their restricted IVR
model showed that selective bond breaking may be achieved by

a line~broadening cutoff. In the present work, we propose a
somewhaﬁ different and simplier model where the IVR rate is
restricted by two factors: (i) a low-order multiguantum
process and (ii) the near "internal resonant"” condition. [For
more details see Publications #2 & 12 listed on pages iv and v.]
This implies that a rapid IVR rate (which decreases the ab-
sbrption cross section) may be achieved only when both of the
above requirements are fulfilled; otherwise, we expect a much
slower IVR rate, which in turn cuts off the overall line broad-
ening and makes selective bond breaking possible. A parti-
cular interesting example is the SFg system in which the rate

of IVR for a three-quantum process (e.g., vy = 2v2+v6, with

V3 being the active mode) was found to be on the order of
-1y 31 ‘

10 picoseconds (or 3.3 ecm




CHAPTER III

S

CLASSICAL AND QUANTUM MODELS OF

LSSP AND HETEROGENEOUS CATALYSIS

e ]

We shall consider a model system consisting of adspeciesl
(atoms or molecules) initially chemisorbed on a solid surface
and subject to low-power cw infrared radiation (10-100 W/cmz).

As mentioned in Chapter I, the interaction of the laser photons

i
i
:
%
*

with a system depends not only upon the coherent nature of the
field but also upon the heteroygyeneity of the substrate and the
adspecies. We note that the complexity of LSSP, while being
caused by.the many-body effects of the surface phonons, is
mainly due to the dynamical behavior of the excited adspecius
- migration, desorption, recombination, surface scattering, etc.
In an attempt to throw some light on LSSP, whose complexity
rules out any "first-principles" treatment, we examine some
phenomenological and semiquantitative models (see the method-
ology shown| in Fig.3 on page 11) which allow us to compute
physically significant quantities, such as the average power
absorption and desorption probabilities. In addition, the
dynamical behavior and the nature of LSSP are investigated via the
microscopic model Hamiltonian and quantum kinetic approaches.
There are seven more sections in this chapter: micro-

scopic model Hamiltonians #1 and #2, selective vs nonselective

nature of LSSP, energy populations and desorption dynamics,

classical models #1 and #2, and the possibility of controllirg

_19_
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surface processes by laser radiation. Most of the above
subjects are shown, with more extensive details, in the
Appendices. We shall show in this chapter just the key
equations characterized the primary results of LSSP, except

in Sections 3.2, 3.6 and 3.7, where some results are presented

which do not appear in the Appendices.

3.1 Microscopic Model Hamiltonian #1: Multiphoton-Multiphonon

Processes7'lo

The microscopic Hamiltonian describing a group of ad-
species chemisorbed on a solid surface and driven by infrared

radiation may be expressed as

I =
H (t) = Hy + Hy + Hy, + Hyp + H + H _ .,

A AB ABA AF (3.1)

HA and HB are the unperturbed Hamiltonian of the active (A)

mode and the bath (B) modes, respectively; H and HAB repre=-

AA
sent the direct mode-mode interactions of the active—-active

and the active-bath, respectively; H denotes the indirect

1 ABA
interaction among the active mndes mediated by the bath

(phonon) modes; and H is the coupling of the laser field with

AF
the active dipoles of the adspecies.

7o study the energy-transfer process:»;3 governed by Eq.(3.1),
we shall first set up the equations of motion of the relevant

operators of the active and bath modes in the Heisenberg




picture, where the microscopic Hamiltonian is expressed in a

second-quantization form. By employing the Markovian appro-
ximation and Kubo's cumulant expansion technique, we are able
to solve a set of coupled equations of motion, where the many-
body effects of the bath phonon modes are effectively replaced
by a damping factor in the Heisenberg-Markovian picture (HMP),
including no memory effects. This is the physical situation
where the correlation time of the bath modes is much faster

than any other time scales of the radiative processes, with

no significant energy feedback from the bath modes to the
pumped mode. We are then interested in the ensemble-averaged
energy absorption of the pumped modes instead of the detailed
individual absorptions of the .adspecies.

The primary features of the multiphoton-multiphonon
processes are characterized by the nonlinear equation for the

averaged excitation <n>, in the adiabatic approximation,s’lo

dny _ _ AI(N+1)
AF (amagfeny e (0o

7 - 7;((;1)_77{) ) (3.2)

where <n> and § are the averaged excitation of the pumped mode
and the bath modes, respectively, Y1 and Y, are the Tl (energy)
and T, (phase) relaxation rate, respectively, and I is the
laser intensity. We note that the input power of the total

system [given by the first term of Eq.(3.2)] is essentially

characterized by an asymmetric Lorentzian| and is proportional




to the laser intensity. Thus, for a field-free system, the

steady-state average excitation <n> is f, which is simply the
Bose-Einstein distribution. One of the important features
indicated by Eq.(3.2) is that the bath-induced damping factor
Yy characterized by the multiphonon coupling strength and the
associated density of states of the bath modes, enables us to
investigate the selective nature of LSSP quantitatively. For
a process with.high selectivity, we expect a small damping
factor, which may be achieved by a high-~order multiphonon coup-
ling or a far off "internal resonant"” process.12 .Such
selective effects and the results of .Section 2.3 are
consistent with the concept of the "energy-gap law" given by

Nitzan et al.3

3.2 Microscopic Model Hamiltonian #2: Laser-Stimulated

Migration

The model Hamiltonian #1 [given by Eq.(3.1)], containing
most of the interactions of LSSP (both direct and surface-
mediated indirect interactions of the adspecies), can be used
to describe the ensemble-~averaged behavior of the adspecies,
but not (explicitly) their individual behavior, e.g., intersite
transitions (migration). This is the situation of a strongly
trapped case with high adspecies coverage, such that energy
transfer with laser photons is not significantly affected by

surface migration of the individual adspecies. However, for

[ ——
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a low-coverage system, the mobility of the adspecies (and hence
LSSP dynamics) may be greatly enhanced by the laser.

To study the dynamical behavior of LSSP including laser-
stimulated migration, we present the model Hamiltonian #2. We

begin with the dynamical Hamiltonian

B2 (6) = Hy(Q),Q,,..04) + ka.v k(90,0 ..Q)ChC,, + B

(3.3)
where Ho is the unperturbed Hamiltonian of the system (with the

normal coordinate Qj)’ ka.(Qj) is the (lattice-site~dependent)

}
k

operators of the Bloch states lE§ and <k'|, respectively, which

interaction potential of the system, and C, and Ck. are the site-

can be expressed in terms of the Wannier function (or site-

representation) by32

' > (3.4)

l AR

’ . —AR*
grdi=g T e em) (3.5)

The Taylor expansion of the interaction potential

V {Q,9,¢) = V Z ﬁw(;oao,)o“‘»%'*“ks.s)

e At P
gives us the general forms for the intramolecular couplings
with the order p of the multiphonon processes. Using the

second~-quantization expression of Eq.(3.6) and the Wannier'
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site-representation in Eqgs.(3.4) and (3.5), we obtain, from

Eq. (3.3), the microscopic model Hamiltonian #2 as follows:

II(t) =H§+Hg+ﬂg+Hé+H1 +H2+H3+H4+HAF, (3.7)
0_ 4 0_ +

HA—‘HO%G-& ) Hb—zﬁwb% ) H zf“% m Cn ) (3.8)

+

Z Can (343) +;Ychc (a+a) *ZZ c,,c,,(am)([i l;) (3.9)

H Z\IMC"C"‘ , (3.10)

4 (3.11)

Z K. Glon(dt+a) |
(3.12)

Z‘Z G Gl (5+h),

J mem (3.13)

H _Z'Zw’a (a+a)(ba+b)+ [Aplr-orden fooma]
Jd ™
Hae®= $i0 (a ta) + Zj;,{t)(b;+ba-) +o

. i 3
The coupling parameters %nj’ Yn' an, Jnm' Knm Gnm and an

(3.14)

are related to the derivatives of the interaction potential

V(Qj) by
= Ry =P (304
K= B = F,,Hof

wmn FM'\ Zh" 1) (QQAQ%
Jm\z mnM ) = -J\IT €i4.(?“—pw)

dy= [ /lamap]® ) o= /o

e .
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The above microscopic Hamiltonian, while complicated, is
a general form describing not only the intramolecular anharmonic
couplings but also the dynamical interactions of LSSP. We shall
not here attempt to solve the coupled equations of motion of
the operators af, bf and c+c, etc., but rather concentrate on
a2 phenomenological approach to .account for the effects of the
excitation-induced migration. It has been shown that the effects
of the surface migration for Markovian processes may be charac-
terized by another damping factor Yo distinguished from the Y1
damping factor induced by the intramolecular coupling."13
Tﬁerefore,the overall line broadening of the dynamical system

[governed by Eq.(3.7)] may be achieved not only by the usual T;

and T, relaxation but also by the migration-induced broadening

Y - Furthermore, using Eq.(3.7), one can describe rigorously

the laser-enhanced surface migration by employing the generalized
master equation (GME) and the continuous time random-walk (CTRM)

.techniques.9’27'28}

3.3 Selective vs Nonselective LSSPa’9

We now consider a multilevel system consisting of the
active (A) mode (with highest frequency ”A)' the B modes (with
intermediate mean frequency mB), and the bath (C) modes (with
lowest frequencies and condensed states) as shown in Figs.4
and 5. " The active mode is pumped by the laser field (with

the pumping rate V) and relaxes its energy to the B modes via

DR . . ‘




K

Figure 4.
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Schematic representation of energy transfer
processes for LSSP of a model system consisting
of the active (A) mode, B modes and the condensed

bath (C) modes.
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Figure 5.
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Schematic energy level diagrams of a model system.
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; a multiphonon coupling factor g. The photon energy stored
in the B modes gradually leaks to the condensed C modes with
a damping rate y. The dynamical nature of LSSP, characterized

by the level populations Py (for the active mode), P_ (for

B

the B modes) and P, (for the C modes) is seen in Fig.6 for .

c
different sets of the pumping rate (V), the coupling factor
(g) and the damping rate (Y). Selective excitation of the
active mode [with (V,]|g|, ¥) = (4,0.1,0.4)]‘ and nonselective
thermal heating of the C modes [with (V,lgl,y ) = (4,1,1)] are
shown in Fig. 6 (A) and (B), respectively.
We note that the lifetimes of the level populations are
,: in the range of microseonds (with corresponding pumping rate
vV o= 108'- 109 sec-l or laser intensity I = 10 - 100 W/cmz),
‘ which are much longef than those of gas-phase picosecond phe-
nomena (with high-power pumping rate V = 1011 - 1012 sec-l).
This is one of the important features of LSSP, where.a low-

power cw laser can be used to induce interesting chemical

dynamics.

3.4 Energy Populations and Desorption Dynamicsﬁ’7
N
|}
; Within the context of laser-stimulated desorption, there
f are two relevant variables: (i) the energy stored in the
f active mode(s) and (ii) the total energy content of the

whole adspecies. Thus, in the master (rate) egquation approach,

the energy population function may be defined in the en~rgy
space of either the pumped mode or the whole adspecies, depen-

ding on the parameters chosen to describe the processes. For

———

-




Figure 6.
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Level populations of the A, B and C modes of

two-photon multiphonon processes for (v, |g],

Y) = (a)

(4, 0.1, 0.4) and (B) (4, 1, 1).
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a system with a fast IVR rate, the relevant parameter would

be the number of photon absorbed by the whole adspecies, while

g S e ———c—

for a slow IVR rate, the number of photons deposited in the

punped mode may be the relevant parameter. In general, knowing

ae—"

this parameter (i.e., the energy population, which is charac-

terized by the absorption cross section embodied in the rate

equation), we can evaluate the desorption probability Pd as
given by
n*-1 n*
Pd =1-1I P_=x1-17/ Pn dn . (3.20)
n=0 o

Pn is the population of the system in the n (energy) space,
and n* is the desorption threshold, i.e., the adspecies will
be desorbed from the solid surface by absorbing n* laser
photons. Several population functions and the associated
desorption probabilities are shown in Fig. 7.[For the deri-
vation of the populations from the rate equation and! detailed
discussion, see Publications #6 & 7 listed on page iv.]

3.5 Classical Model #1: Generalized Langevin Theo;xlz

As previously mentioned, one of the major concerns of
LSSP is how the absorption cross section, which reflects the
level structure and the IVR rate of the system, is affectedf
by the excitation and relaxation dynamics. To study the dyna-

mical cross section (which governs the IR line shape), we

4 - A R £ AT U ) AT e
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Figure 7. Energy distribution functions and the corres-

ponding desorption probabilities obtained from

the rate equation in energy space.
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present the generalized Langevin equation (GLE) for a model
system consisting of a group of interacting active modes

coupled to the condensed bath modes:

t
, R _ "' ) ’I .. [} /
{S&H%(ﬂ = onaQ(xs +rrn& So(i(n)%(bdf t

=g (t . o
+ ma-ﬂj' SM&-(H’) QJ-&’)dt’- Z WW') Quydt’, (3.21)
A i+ 0 ¢
Qj is the normal coordinate of the subsystem (total system
excluding the bath modes): ﬁj is the effective frequency
including the anharmonicity and the bath-induced frequency-
shift; 84(t) and M, (t) are, respectively, the damping kernel
and dephasing kernel describing the interaction dynamics
between the subsystem and the bath modes; Nij(t) represents
the interaction function between the i-th and j~th modes of
the subsystem; fj(t) and f?(t) are, respectively, the laser
driving force and the bath~induced random force acting on
the j-th mode.
By linear response theory, we find the temperature-depen-

5 dent cross section to be12

y Q(ry.w =G‘<'ro)izj (@948 (Re Fy lal),  (3.22)
! !

'

4 which is characterized by the classical charge (q,), the

effective electric field (Ek) acting on the k-th active mode,

and the real part of the Laplace-Fourier transform of the
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velocity correlation function Fij[w] defined by

= rt _-iwt
Fij[w] = fo e .Fij(t) dt, (3.23.a)

For given forms of the memory functions Bj(t), Mj(t) and Nij(t)'

we can find the corresponding Laplace-Fourier transforms,
yielding the function F([w)] and thus the cross section. A
detailed examination of the cross section for non-Markovian
(with memory effects) and Markovian [without memory effects,
or Bj = Bos(t)] processes is given in Publication #12 listed
on page v. We here point out one of the important features
of LSSP governed by GLE as follows: the dynamical transition
of LSSP (from coherent to incoherent) may be described by the
relaxation parameters contained in the cross section, which
reflects not only the internal level structure of the excited
mode (i.e., the heterogeneity of the adspecies/surface system)

but also the surface dynamics of the excited adspecies, e.g.,

v
; migration, diffusion, desorption and rate processes.
Y
1
3 3.6 Classical Mod2l1 #2: Numeric.l Simulation of CC/Ni
}
1 We now consider a model system £ CO chemisorbed on a
A nickel surface and subject to IR laser radiation (with field
Y
o frequency near resonant to the stretching frequency of co) .

v restricting ourselves to a truncated five-atom chain O-C-Ni-




N

Hi

iy, 1 4

Ni-Ni assigned as atom-1, -2, etc. The coupled Newton's

equations of motion describing this system are

M, = Ry %) -V - F (3.24)
LR NCISD "743(73'73,) -1, +‘7°w, (3.25)
My =%, (-Y:) - £ (B-2,) - T (3.26)
Wk, =% (2-1) - A (%-1)=T% Z::

M =% (5-%) - %

where k and Yy are the force constant and the damping factor '
(due to surface:and bulk atoms of the system), respectively,
and f(t) = gE sin(wt) is the laser driving force. The force
= 16.8, k

constants used here are: k = 2.6 and ks =0.24

12 23
(in units of mdyne/ﬁ), and the atom masses are ml=16, m, =12,
and m =58.71 (amu), where ks = k34 = k45, and M =m,=m, 5
These five coupled second-order differential equations
are equivalent to a set of ten coupled first-order differen-
tial equations, which have been numerically solved py the
Runge-Kutta method. In addition to the amplitudes of the

chain atoms, we can simulate the bond energies storec. in

the system LYy

2
} .2 2
E, = 217’%7‘& + M-, (3.29)
i=1
EB_ 2’3 24, (1 %) ; (3.30)

Loy
<
5
Zz" % A (%) (7-)] | a3

———— e
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The numerically simulated results for the amplitudes of
the atoms and the energy profiles of different bonds are plotted
in Fig. 8 (A)-(D) for different sets of values of the damping
factor vy and the detuning A=m°-w. Fig.8(A) shows the exact-
resonant case (A=0) with Y=100cm-1. The near-resonant cases
are shown in Fig.8(B) with Y=100cxn-1 and A=20cm-1, Fig.8(C)
with Y=A=10cm_l, and Fig §(D) with y=A=0. It is seen that the
decaying and oscillating features of the energy profiles are
characterized by the damping factor and the detuning, respec-
tively. We note that the amplitudes of the excited CO molecule
afe much higher than those of the Ni atoms due to the mass
differences [atom—2 has the highest amplitude]. The energy
profiles shown in Fig.8 are generated for a high-power laser

12 2 (hence short computation times,

with intensity I=10 W/cm
in contrast to the situation of a low-power laser). Due to
the high frequency of the field m=1014 sec-l, we require time

15 sec in using the Runge Kutta

steps on the order of 10~
method. For an actual system of low-power excitation LSSP

(with laser intensity I=10-100 W/cmz), we expect similar
energy pr:files as shown in the high-power cases by realizing
the fact that the energy profiles shown in Fig.8 are "universal”
for any ranges of laser power, provided the proper time scales

(in units of the reciprocal of the pumping rates) are chosen.ll
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Figure 8. Amplitudes of atoms and energy profiles for

different bonds of the CO/Ni system, subject'

to a high-power laser with intensity I = 1012

W/cmz, for different sets of the damping factor

l .

(v) and the detuning (A): (A) y = 100cm — .for

exact resonance A = 0, (B) y = 100cm_1, A

20em Y, (€) y =4 =10em Y, (D) y = A = 0.




ATOM-2 ~

°F16. 8(A)

N
3.8 1.
T

) SHELZSNN BNR S Bt GEE SN man BEEn SE S AU Sash e e Eume am

1.0 1.8
Yyttt
1

1 1 ¢ 0 & 0 2 1 s 4 2 1 3

©+28°8322g9RgRe £ 8 g *° ° ¢ v o
L N ] *® & LI I ]
LI |

(A2)SANOY NI G3YOLS SIT9Y3KI

(VISWOLY 40 S3ANLITIdWY

<.a

2.8 3.0

2.0
TIME T(PICOSECOND)

1.8

-8




[

AMPLITUDES OF ATOMS(A)

ENERGIES STORED IN BONDS (<V)

.38
.30
.28
<20
-18
.1a

-.31Q
-. 18
-.20
-. 28
-.30

P S S S W T AN R

5.0 3.5 :s.'a Fis. 8(B)

is

LJBn NN Ten Sun B ne s e amn

TIME T(PICOSECOND)




)
LS
< ‘—+
tnv:f;(:rﬁ"ﬁﬁlﬁ'—,ﬁtrnIlllrr—flftrirl'—[ﬁﬁ
L
.mt
.08 =
—~ L
°=T .o
[72]
S L
= -2
<C
L. c
S
m -.02 E
[—]
]
= ..o
-
s
= -.08
-.08
-.10
- ’ TIME T(PICOSECOND)
-.12 ¢ o ¢ 3 1 2 2 g o v ¢ o+ 2 4 1 4 2 2 1 P Y T TR S S S N N S B
o] .5 1.0 1.5 2.0 2.5 3.0 3.8 ¢.Q 8( |
1‘5 L L A | &t T T &+ 1T 1 I'I T ¥ ¥ L] T LB L} ]Tr' LN L) LS rﬁrrf‘ L] FIG. C)
s L
T ]
> 8 -
] : V
s )
M 1.4 n
| 2 :.2?— .
’ (= B -
2 %
' v b i
3 o |
4 [==4 | \
(WY H |
= F i
: L ! i
.8 - ‘
L ! 5
v L
o |
ar
5 L
’ |

N

l




ATOM-1
ATOM-2~,

. » N .
B B R B
Ill'l]l Ty

== i Hl
iﬁ_ R H””Hl”””

-
>
1

[
(]

-
- N
LA LIS L L0 LI N NN D L BRLEN BELEN MLAS R LN B

-
(=]

ENERGIES STORED IN BONDS(eV)

0 = N U ¢+ n a0 94 o 0

TIME T(PICOSECOND)

L4

--—J'J-‘ .* T




3.7 Orn the Possibility of Controlling Surface Processes

by Laser Radiation

Based on the theoretical framework presented in the
previous sections, we can study the possibility of laser-
controlled surface processes (migration, desorption and heter-

ogeneous catalysis).

A. Laser-Controlled Surface Concentration of a
3

Multicomponent System

By employing the laser-stimulated generalized Langmuir
kinetic equation (LSGLE), we obtain the steady-state partial
pressure of the i-th component of a heterogeneous system with

multicomponent species chemisorbed on a surface as:

p; = K 217 0%/ (1-0)Y, (3.32)

where K is the laser-stimulated desorption. rate constant, 0 is
the fractional coverage of the selectively-excited i-th com-
ponent of the adspecies, x and y are the kinetic order and the
occupancy order, respectively, and z denotes the number of
nearest-neichbors for each unoccupied lattice site.

An important feature of Eqg.(3.32) is: for low surface temper-
ature, we may avoid spontaneous nonselective ihermal desorption
and control the surface concentration of the desired adspecies,
and hence study the heterogeneity of the surface such as the

composition and location of the active center of the catalytic

substrate.
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B. Laser-Stimulated Heterogeneous Catalysis

As addressed in Section 1.2, the mechanism of heteroge~
neous catalysis involves these surface steps: adsorption,
migration, and recombination and rate processes in either dis-
sociative or associative states. The adsorption states of the

adspecies can be further divided into the chemisorbed and

physisorbed (precursor) state. Each step of a catalytic process

has an activation energy associated with it. Fig.9 illustrateslthe;

schematic potential energy of a diatomic molecule AB adsorbed
on a metal surface, where the combination of the potential
energy curve of "AB + metal" and that of "A + B + metal" gives
rise to an energy barrier between a shallow physisorbed state
for AB and a deeper chemisorbed sﬁate for A + B. The laser
can enhance a rate process by either decreasing its activation
energy or increasing the preexponential factor from the point
23

view of transition state theory. We shall discuss some pro-

totypes of the laser-stimulated surface processes below.f

(1) Laser/Surface-Catalyzed Recombination and Rate

Processes

Consider the mechanism of incident atom A acting on an

adsorbed atom B on the catalyst surface (K):

k
1 k
A + BK ——== ((ABK)) ———=(AB) + K.

k_y -2




Figure 9.

Schematic diagram of the potential energy
E(R) showing the adsorption states of the

adspecies,

- O 0O, (AT A PV . VT T




POTENTIAL ENERGY E(R)

— R
\/ZMTAB
PHYSISORBED

STATE

CHEMISORBED
STATE

ADMOLECULES

ADATOMS
! 7/} > /7 SUBSTRATES '

(1) DISSOCIATIVE (2) ASSOCIATIVE

FIGURE 9




.

-40-

The reaction rates k, and k_; might be comparable due to the
unstable complex ((ABK)). The k2 reaction path therefore involves
the stabilization of the complex ((ABK)) by the removal of
the excess energy. By means of laser radiation; one can eitier
de-excite the ((ABK)) complex and remove the excess energy
assisted by the surface phonon modes, or selectively break the
B-K bond and hence accelerate the k2 rate to form the stable
combined molecule (AB).

Consider now a typical reaction process‘on catalyst surface

(R):
k4 k

(A + BC)K —];> (AB + C)K —2—> (AB)K + C
This involves bond breaking in B-C (kl path) and C-K (k2 path).
If one could enhance this bond breaking with resonant laser

radiation, the overall reaction rate might be significantly

enhanced.

(2) Laser-Enhanced Selective Migration and 'plications

to VLSI

One of the important industrial applications of LSSP is
in the area of "very large scale integrated circuits" (VLSI),
where the primary processes of the fabrication of a modern
microelectronic circuit, such as chemical vapor deposition
(CVD) and the growth rate of a deposited thin film, can be

controlled (or assisted) by laser radiation.34

For a simple example showing laser-enhanced selective
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migration and laser-assisted CVD, let us consider the situation
illustrxated in Fig.10.

The x and y axes represent directions on the crystal sur-
face along which the intrinsic barriers for migration, Ei and
E? respectively, are different (Ei > E?). If a laser with
photon energy EO is incident on the surface so that the active
mode associated with the adsorbed species is pumped at a rate
V, our model gives a transition rate for migration from one
site to the next along the x and y directions in the Arrhenius-

like form8

W, = ux(—gf}/\?) Zexp [~ (ER-E) /kgT], (3.33)
X
_ V .2 A
W, = uy(%) exp [-(ER-E() /iyT]. (3.34)

Here ux(uy) is the jumping frequency in the x(y) direction,

g. and gy are the corresponding coupling factors of the bending

X
(migration) modes with the active (stretching) mode; kB is the
Boltzmann constant and T the surface temperature. These rate
equations provide us with criteria for selectively enhancing
the mobility in the y direction, associated with the control

of diffusion-limited rate processes. While this is the primary
application of the migration model, increased migration can

also result in enhanced desorption (or, alterr :tively, enhanced

deposition) probabilities, with appropriate control applications

in CVD.




Figure 10.
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Schematic diagram of adspecies chemisorbed on a

solid surface with different migrational energy

y.
a

barriers E: and E




LASER-ENHANCED SELECTIVE MIGRATION

£

X SUBSTRATE
SURFACE

QO CHEMISORBED SPECIES

‘ ® SURFACE ATOMS

A
E;A( AND Ey ARE THE MIGRATION BARRIER
ENERGIES IN THE X AND Y DIRECTIONS.

_ 8V -(EYE)AT
W=V [f—vzj e

*» T. Lin and T. F. George, J. Phys. Chem. 84, October (1980

FIGURE 10




1-12.
13.

14.

REFERENCES

See pages iv and v.
See the following recent reviews:
(a) Chemical and Biochemical Applications of Lasers,

Vol. I-IV, ed. by C.B. Moore (Academic, New York,
1974,77,77,79) .

{(b) Tunable Lasers and Applications, ed. by A. Mooradian,
T. Jaeger and P. Stoksetch (Springer-Verlag, Berlin,
New York, 1976).

(c) Laser Handbook, vol. III, ed. by M. Stitch (North-
Holland, New York, 1978).

(d) Topics in Applied Physics, ed. by H. Walter (Springer-
Verlag, New York, 1976).

(e) Topics in Current Physics, ed. by D. Cantrell
(Springer, Heidelberg, 1980).

(f) Special issue of Optical Engineering, 100 (1980)
featuring "Laser Applications to Chemistry”, ed. by
T.F. George. '

(g) Theoretical Aspects of Laser Radiation and Its
Interaction with Atomic and Molecular Systems, Report
of an NSF Workshop, ed. by T.F. George (University of
Rochester, New York, 1977).

(a) Abstracts from the International Conference on
Multiphoton Processes, University of Rochester (June
1977); (b) Digest of technical papers in the Eleventh
International Quantum Electronics Conferences, Boston
(June, 1980); (c¢) N. Bloembergen and E. Yablonovitch,
Phys. Today 3, 23 (1978); (d) E. Thiels, M.F. Goodman
and J. Stone, Opt. Eng. 19, 10 (1980);: (e) B. Carneli
and A. Nitzan, J. Chem. Phys. 72, 2070 (1980); (f)
P.A. Shulz, As. S. Sudbo, D.J. Krajnovich, H.S. Kwok,
Y.R. Shen and Y.T. Lee, Ann. Rev. Phys. Chem. 30, 379
(1979), and references therein.

(a) V. I. Goldanski, V. A. Namiot and R, V. Khokhlov,
Sov. Phys. JETP 43, 1226 (1976); (b) M. S. Dzhidzhoev,
A. I. Osipov, V. Ya. Panchenko, V. T. Platonenko,

R. V. Khokhlov and K. V. Shaitan, Sov. Phys. JETP 47
684 (1978). (c) M. S. Slutsky and T. F. George, Chem.
Phys. Lett. 57, 474 (1978); ibid, J. Chem. Phys. 10,

1231 (1979).




e

1l6.

17.

18.

19.

20.

21.

22.

23.

24.

25.
26.

-4 4-

(a) M. S. Dzhidzhoev, R. V. Khokhlov, A. V. Kiselev,

V. I. Lyain, V. A. Namiot, A. I. Osipov, V. I. Panchenko
and B. I. Provotorov in Tunable Laser and Applications,
ed. by A. Mooradian, T. Jaeger and P. Stokseth
(Springer-vVerlag, Berlin, 1976), p. 100 £ff.

(b) A. V. Khmelev, V. V. Apollonov, V. D. Borman,

B. I. Nikolaev, A. A. Sazykin, V. I. Troyan and K. N. Firsov,
Sov. J. Quantum Electron, 7, 1302 (1977).

(c) M. E. Umstead and M. C. Lin, J. Phys. Chem. 82, 2047
(1978). g

(d) M. E. Umstead, L. D. Talley, D. E. Tevault and

M. C. Lin, Opt. Eng. 19, 94 (1980).

N. Bloembergen, in Proceedings of the Laser-Solid
Interactions and Laser Processing Symposium (Boston,
1978) 14 pp-l"g.

(a) R. H. Stern, J. Wahl and R. F. Sognnaes, J. Dent.
Res. 51, 455 (1972).
(b) H. Yamamoto and K. Sato, J. Dent. Res. 59, 137 (1980).

(a) Abstracts of Papers of the Second Congress of the
North American Continent (Las Vegas, 1980), Division
of Colloid and Surface Chemistry, Paper Nos. 1-240.
(b) Chemical and Engineering News 58, 38 (1980),

pp. 27-30.

D. M. Larsen and N. Bloembergen, Opt. Commun. 17, 254
(1976) .

(a) J. G. Black, E. Yablonovitch, N. Bloembergen and

S. Mukamel, Phys. Rev. Lett. 38, 1131 (1977); (b)

M. Tamir and R. D. Levine, Chem. Phys. Lett. 46, 208
(1977); (c) M. Quack, J. Chem. Phys. 69, 1282 (1978);
(d) W. Fuss, Chem. Phys. 36, 135 (1979); (e) O. P. Judd,
J. Chem. Phys. 71, 4515 (1979).

(a) J. M. Thomas and W. J. Thomas, Introduction to the
Principles ~f Heterogenazous Catalvsis (Academic Press,
New York, 12567); (b) K. Tamaru, Dynemic Heterogeneou.
Catalysis (Academic Press, New York, 1976).

G. M. Panchenkov and V. P. Lebedev, Chemical Kinetics
and Catalysis (Mir Pub., Moscow, 1976..

L. D. Landau and E. M. Lifshitz, Mechanics (Addison-
Wasley, Reading, Mass., 1960).

R. Kubo, Rep. Prog. Phys. 29, 225 (1966).

W. H. Louisell, Quantum Statistical Properties of

Radiation (Wiley, New vork, 1973).




_27.
28.

29.
30.

31.

32.

33.
34.

E. W. Montroll and G. H. Weiss, J. Math. Phys. 6, 167 (1965).

(a) V. M. Kenkre in Statistical Mechanics and Statistical
Methods in Theory and Application, ed. by U. Landman
(Plenum, New York, 1977), p.441 f£. (b) R. K. Pathria,
Statistical Mechanics (Pergamon, Elsmford, New York, 1972).

Y. M. Wong, Ph.D. Thesis, University of Rochester (1979).

G. Baym, Lectures on Quantum Mechanics (Benjamin, New
York, 1969).

Z. Gan, G. Yang, K. Feng and X. Huang, ACTA PHYSICA
SINICA [4D224243] 27, 664 (1978); ibid, 29, 477 (1980).

A. Nitzan, S. Mukamel and J. Jortner, J. Chem. Phys.
63, 200 (1975).

C. Kittel, Quantum Theory of Solids (Wiley, New York, 1963).

P. M. Sandow, Solid State Tech. 74, July (1980).




APPENDICES

Copies of Publications #1 - 12 listed on pages iv and v.

S

]
1

> : .
. P




.Y ’ mmm )
- L 4

SP472-3/A1

472 :GAN:716:ddc
78u472-~608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

No.
Copies

Office of Naval Research

Attn: Code 472

800 North Quincy Street

Arlington, Virginia 22217 2

ONR Branch Office

Attn: Dr. George Sandoz

536 S. Clark Street

Chicago, Illinois 60605 1

ONR Area Office

Attn: Scientific Dept.

715 Broadway

New Yark, New York 10003 . 1

ONR Western Regional Office
1030 East Green Street
Pasadena, California 91106 1

ONR Eastern/Central Regional Office

Attn: Dr. L. H. Peebles

Building 114, Section D

666 Sunmer Strzet

Boston, Massachusetts 02210 1

Director, Naval Research Laboratory
Attn: Code 6100
Washington, D.C. 20390 1

The Asslstant Secretary
of the Navy (RE&S)
Department of the Navy
Room 4E736, Pentagon
Washington, D.C. 20350 1

Conmander, Naval Air Systems Command
Attn: Code 310C (H. Rosenwasser)
Department of the Navy

Washington, D.C. 20360 o1
Defense Technical Information Center
Building 5, Cameron Station

Alexandria, Virginia 22314 12

Dr. Fred Saalfeld

Chemistry Division, Code 6100

Naval Research Laboratory

Washington, D.C. 20375 1

U.S. Army Research QOffice

Attn: CRD-AA-IP

P.0. Box 12211

Research Triangle Park, N.C. 27709

Naval Ocean Systems Center
Attn: Mr. Joe McCartney
San Diego, Californmia 92152

Naval Weapons Center

Attn: Dr. A. B. Amster,
Chemistry Division

China Lake, California 93555

Naval Civil Engineering Laboratory
Attn: Dr. R. W. Drisko
Port Hueneme, California 93401

Department of Physics & Chemistry
Naval Postgraduate School
Monterey, Califormia 93940

Dr. A. L. Slafkosky

Scientific Advisor

Commandant of the Marine Corps
(Code RD-1)

Washington, D.C. 20380

O0ffice of Naval Research
Attn: Dr. Richard S. Miller
800 N. Quincy Street
Arlington, Virginia 22217

Naval Ship Research and Development
Center

Attn: Dr. G. Bosmajian, Applied
Chemistry Division

Annapolis, Maryland 21401

Naval Ocean Systeams Center

Attn: Dr. S. Yamamoto, Marine
Sciences Division

San Diego, California 91232

Mr. John Boyle

Materials Branch

Naval Ship Engineering Center
Philadelphia, Pennsylvania 19112

No.

Copies

!




N

R S

SP472-3/A3 472:GAN:716:ddc
78u472-608

TECHNICAL REPORT DISTRIBUTION LIST, GEN

Fﬂ'
Copiles

Dr. Rudolph J. Marcus

Of fice of Naval Research

Scientific Liaison Group

Arerican Embassy

APO San Francisco 96503 1

Mr. James Kelley
DTNSRDC Code 2803
Annapolis, Maryland 21402 1

Dr. David L. Nelson

Chemistry Program

Office of Naval Research

800 North Quincy Street

Arlington, Virginia 22217 1

i
|
)
i
i
!




SP472-3/A17 472:GAN:716:dde

78u472-603

TECHNICAL REPORT DISTRIBUTION LIST, 056

No.
Copies

Dr. D. A. Vroom

IRT

P.0. Box 80817

San Diego, California 92138

Dr. G. A. Somorjai
Departnent of Chemistry
University of California
Berkeley, California 94720

Dr. L. N. Jarvis

Surface Chemistry Division
4555 Overlook Avenue, S.W.
Washington, D.C. 20375

Dr. J. B. Hudson

Materials Division

Rensselaer Polytechnic Institute
Troy, New York 12181

Dr. John T. Yates

Surface Chemistry Section
National Bureau of Standards
Department of Commerce
Washington, D.C. 20234

Dr. Theodore E. Madey
Surface Chemistry Section
Department of Commerce
National Bureau of Standards
Washington, D.C. 20234

Dr. J. M. White
Department of Chemistry
University of Texas
Austin, Texas 78712

Dr. Keith H. Johnson

Department of Metallurgy and Materials
Science

Massachusetts Institute of Technology

Canbridge, Massachusetts 02139

Dr. J. E. Demuth

IBM Corportion

Thomas J. Watson Research Center
P.C. Box 218

Yorktown Heights, New York 10598

Dr. C. P. Flynn
Department of Physics
University of Illinois
Urbana, Illinois 61801

Dr. W. Kohn

Pepartment of Physics

University of California
(San Diego)

LaJolla, California 92037

Dr. R. L. Park
Director, Center of

Materials Research
University of Maryland
College Park, Maryland 20742

Dr. W. T. Peria

Electrical Engineering
Department

University of Minnesota

Minneapolis, Minnesota 55455

Dr. Narkis Tzoar

City University of New York
Convent Avenue at 138th Street
New York, New York 10031

Dr. Chia-wei Woo
Department of Physics
Northwestern University
Evanston, Illinois 60201

Dr. D. C. Mattis

Polytechnic Institute of
New York

333 Jay Street

Brooklyn, New York 11201

Dr. Robert M. Hexter
Department of Chemistry
University of Minnesota
Minneapolis, Minnesota 55455

Dr. R. P. Van Duyne
Chemistry Department
Northwestern University
Evanston, Illinois 60201




SP472-3/A19

472:GAN:716:ddc

Dr. M. G. Lagally
Department of Metallurgical
and Mining Engineering

78u472-608
TECHNICAL REPORT DISTRIBUTION LIST, 056
No.
Copies

Dr. J. Osteryoung
Chemistry Department
SUNY, Buffalo
Buffalo, New York 14214 1

University of Wiscomsin
Madison, Wisconsin 53706

Dr. Robert Gomer
Department of Chemistry
Jawes Franck Institute
5640 Ellis Avenue
Chicago, Illinois 60637

Dr. R. G. Wallis

Department of Physics
University of California, Irvine
Irvine, California 92664

Dr. D. Ramaker

Chemistry Department

George Washington University
Washington, D.C. 20052

Dr. P. Hansma
Chemistry Departument
University of California,
Santa Barbara
Santa Barbara, California 93106

Dr. P. Hendra

Chenmistry Department
Southhampton University
England SQ9 SN

Professor P. Skell

Chemistry Department

Pennsylvania State University
University Park, Pennsylvania 16802

Dr. J. C. Hemminger

Chemistry Department

University of California, Irvine
Irvine, California 92717

Dr. Martin Fleischmann
Department of Chemistry
Southampton University
Southampton S0% SNH
Hampshire, England

Dr. G. Rubloff

I.B.M.

Thomas J. Watson Research Center
P. 0. Box 218

Yorktown Heights, New York 10598

Dr. J. A. Gardner
Department of Physics
Oregon State University
Corvallis, Oregon 97331

Dr. G. D. Stein

Mechanical Engineeri..g Department
Northwestern University

Evanston, Illinois 60201

Dr. K. G. Spears
Chemistry Department
Northwestern University
Evanston, Illinois 60201

Dr. R. W. Plummer

University of Pennsylvania
Department of Physics
Philadelphia, Pennsylvania 19104

Dr. E. Yeager

Department of Chemistry

Case Western Reserve University
Cleveland, Ohio 41106

Professor George H. Morrison
Cornell University
Department of Chemistry
Ithaca, New York 14853

Professor N. Winograd

Pennsylvania State University
Chemistry Department

University Park, Pennsylvania 16802

Professor Thomas F. George
Department of Chemistry
University of Rochester
Rochester, New York 14627







